Thermal and electrical transport properties, such as thermal diffusivity, the electrical resistivity and thermopower of the Zr-based bulk metallic glassy (BMG) alloys of Zr 42 Cu 42 Ag 8 Al 8 and Zr 55 Al 10 Cu 35¹x Ni x (x = 0, 5 and 10) with high glass-forming ability were investigated. Thermal diffusivity is comparatively low at about 2 © 10 ¹6 m 2 s ¹1 , reflecting the aperiodic crystal structure of the BMG, whereas it becomes higher and depends on the alloy compositions after their crystallization. The phonon contribution to the thermal conductivity of the BMG alloys is thought to be small, based on a comparison with the estimated value of the electronic contribution to the thermal conductivity from the WiedemannFranz law. The thermopower of the present Zr-based BMG alloys shows a small positive value around room temperature, which is a general feature of nonmagnetic amorphous alloys.
Introduction
Metallic glasses are generally produced from the undercooled liquid state by rapid cooling. 1) Inoue et al. have found that bulk metallic glassy (BMG) alloys can be obtained even by conventional casting techniques at relatively slow cooling rates, and have also reported that a number of metallic glasses can be formed by quenching in ZrCu, NiZr, PdCu alloy systems. 24) As summarized by Inoue, BMG alloys exhibit three common features as follows: (1) They mostly belong to multicomponent systems, (2) they have significant atomic size ratios of above 12%, and (3) they exhibit negative heats of mixing among the constituent elements. The satisfaction of these principles leads to a high glass transition temperature, T g and a low liquidus temperature. The popularity of those materials was partly driven by the hope of developing promising materials for future applications, as well as by the scientific desire to understand the formation and the structure of amorphous solids. Since it is known that BMG alloys exhibit great strength, hardness, toughness, corrosion resistance and elasticity, they have been intensively investigated as good candidates for linear actuators, fuel-cell separators, biomedical materials, aircraft parts, sporting goods and so on.
On the other hand, from an academic viewpoint, it has been controversial as to why BMG alloys are formed under the above features. Unlike general amorphous alloys, T g , is clearly observed below the crystallization temperature, T x , in BMG alloys. The width of the supercooled liquid region is defined as the temperature difference, namely, "T = T x ¹ T g , and the glass forming ability is often discussed in consideration of the values of "T. Studies of the thermophysical properties are required to clarify the glass formation mechanism and to estimate the critical cooling rate for the formation of metallic glass and the critical heating rate for heating amorphous solid without devitrification. Therefore, it is very important to investigate the thermophysical properties of the BMG alloys. In addition, it is generally known that the transport properties, such as electrical resistivity and thermopower, for the non-periodic materials are different to that for the crystalline alloys with have periodic structures because these transport properties are governed by the conduction electrons around the Fermi energy. Especially, electronic states for the BMG alloys have been interested from the view points that there might be a correlation between the glass phase stability and the electronic structures.
57) Although a huge number of the investigations for the transport properties have been carried out in the amorphous alloys so far, systematic studies for these physical properties in the BMG alloys would make to help the understanding of their electronic states. Therefore, in this study, thermal diffusivity, electrical resistivity, and the thermopower of Zr-based BMG alloys of Zr 42 Cu 42 Ag 8 Al 8 and Zr 55 Al 10 Cu 35¹x Ni x (x = 0, 5 and 10) with high glass-forming ability were investigated.
Experimental Procedures
Specimens of Zr 42 Cu 42 Ag 8 Al 8 and Zr 55 Al 10 Cu 35¹x Ni x (x = 0, 5 and 10) alloys were prepared by arc melting in a Zr-gettered argon atmosphere for a mixture of constituent elements with the desired compositions. The alloy ingots were completely remelted and cast into cylindrical rod samples with diameters of 10 mm by the copper mold tiltcasting method. The glassy phase was identified by X-ray diffraction (XRD) and differential scanning calorimetly (DSC) in a flow of purified argon. The heating rate during the DSC measurement was about 0.33 K·s ¹1 . The thermal diffusivity was measured in the temperature range of 300 873 K with an ULVAC-RIKO TC-7000 Standard Laser Flash Thermal Constants Analyzer using disc specimens 10 mm in diameter and 2 mm in width. The method of thermal diffusivity calculation was similar way to that of Yamasaki et al., details of which can be found in the literature. 8, 9) The electrical resistivity was measured by a conventional four probe method, and the thermopower was investigated by measurement of the temperature difference of the power voltage between two Pt probes attached to the specimens, which were cut so as to be about 2 © 2 © 8 mm in size. Density was measured by substitution method with He gas with using a SHIMADZU-Gas Pycnometer AccuPyc-1330.
Experimental Results and Discussions
Figures 1(a) and 1(b) indicate XRD patterns measured at room temperature with 10 mm disc specimens and DSC heating curves of Zr 55 Al 10 Cu 35¹x Ni x (x = 0, 5 and 10) measured at a rate of 0.33 K s ¹1 , respectively. In the Fig. 1 (a), only a broad peak associated to the formation of a glassy phase is seen. In the DSC heating curves of the Fig. 1(b) , an endothermic reaction and a sharply peaked exothermic one, which are ascribed to the glass transition and crystallization, respectively, are clearly observed. The glass transition temperature, T g , and crystallization temperature, T x , are indicated by the arrows in the figure, in which T g and T x are defined as the beginning of the endothermic and exothermic reactions with increasing temperature, respectively. The T g and T x for x = 0 are deduced to be about 674 and 757 K, respectively, and slightly increase with increasing Ni content. These obtained values and behavior accord with the literature. . The value of x = 5 has been already reported and is in good agreement. 8) In the present study, the thermal diffusivity of Zr 55 Al 10 Cu 35¹x Ni x alloys was investigated by changing Ni concentration, and the results show that the thermal diffusivity of Zr 55 Al 10 Cu 35¹x Ni x BMG alloys is not sensitive to x, whereas that of crystallized Zr 55 Al 10 Cu 35¹x Ni x alloys depends on the x. Similar values of the thermal diffusivity of the BMG alloys have been reported by systematic study in Pd 40 Cu 40¹x Ni x P 20 (x = 0, 10 and 40). 13, 14) Nishi et al. have investigated the thermal diffusivity also in the liquid state with using the vertical-type laser flash apparatus and have pointed out that there is a correlation between the value of the thermal diffusivity in the liquid state and the glass-forming ability.
13) The absolute value of the thermal conductivity, K, is given by a product of the thermal diffusivity, ¡, specific heat, C p , and density, d, as follows; 
The values of K, ¡ and C p are listed in Table 1 , and those of d in Table 2 . These obtained values are discussed later. Table 2 , together with those of the as-cast specimens.
Temperature dependences of the electrical resistivity of Zr 55 Al 10 Cu 35¹x Ni x (x = 0, 5 and 10) BMG alloys are shown in Fig. 5(a) , together with those for the specimens after heating up to 873 K during thermopower experiments. ¹5 K ¹1 , respectively. It is considered that the absolute value becomes larger with increasing Ni content, and the behavior is similar to that in the literature, whereas the electrical resistivity at room temperature is somewhat lower than that of the reported values. 15) The electrical resistivity at room temperature of the Zr 42 Cu 42 Ag 8 Al 8 BMG alloy is about 170 © 10 ¹8 ³·m and the value of the TCR is +3.2 © 10 ¹5 K ¹1 . Figure 6 indicates examples of the measurements of the thermopower, which is given by the temperature derivative of the power voltage between the two probes, for BMG alloy (1st cycle) and its specimens later heated up to 873 K (2nd cycle) for x = 5 (Zr 55 Al 10 Cu 30 Ni 5 ). The absolute values of the thermopower are obtained after calibration with the value of the thermopower for the probe; in this case, Pt wires were used for the probes. The obtained values measured around room temperature are listed in the Table 1 , and they exhibit small positive values in the case of the BMG (as-casting) alloys. It is well known that the sign of the thermopower originates from the sign of the energy derivative of the electronic density of states at the Fermi energy. For the amorphous alloys, there is no sharp structure in the electronic structure in a small energy region, and the electronphonon scattering contributing to the transport properties is mainly dominated by elastic scattering from the disorder. Positive thermopower is a general feature of metallic glasses with high electrical resistivity from the aspect of the Mooij correlation.
1618) The behavior of the present results of the thermopower and electrical resistivity are in accord with the trend in which the thermopower slightly increases and resistivity slightly decreases with increasing Ni content. This behavior suggests that the transport property is governed by the scattering of the d-states in the electronic states.
1921) The explanation of the absolute value of the thermopower of the amorphous transition metals is theoretically more successful than that of the crystalline metals because the scattering mechanism due to the disorder is dominant and there is no phonon drag component of the thermopower. For the crystallized specimens, electrical resistivity exhibits normal behavior as metals and alloys, and the thermopower has a positive and larger value than that of the glassy state. The behavior of the thermopower of the crystallized state is more complicated, and in addition, the present specimens consist of three kinds of phases, as shown in Figs. 4(a) and 4(b) . Finally the transport properties between the electrical resistivity and the thermal conductivity are discussed in relation to the free-electron model. In general, the thermal conductivity of the metals is indicated as sum of the electronic and the phonon contributions. The electronic contribution to the thermal conductivity K el of BMG is thought to follow the WiedemannFranz law, 8, 9, 2224) and thus it can be estimated as follows:
where L, T and µ are the Lorenz number (= 2.45 © 10
¹8
W³ K ¹2 ), temperature and electrical resistivity, respectively. Equation (2) means that K el can be estimated from µ, and the obtained values of K el are also listed in Table 1 . The difference between the total K, which is obtained experimentally, and K el corresponds to the phonon contribution to the thermal conductivity. From the comparison of these values, it is considered that the K el is dominant even around room temperature, whereas such a situation is natural in the low temperature regions. Similar behavior of the large contribution of K el to the total thermal conductivity has been reported in Pd-based BMG alloys. 8, 9) It is noted that K el of the crystallized alloys also accounts for the majority of the total value. This would be due to the condition of the mixed phase or the phases with comparatively close-packed crystal structures, which appear basically in the equilibrium state.
Conclusions
Thermal diffusivity, electrical resistivity, and thermopower of Zr-based bulk metallic glassy (BMG) alloys of Zr 55 -Al 10 Cu 35¹x Ni x (x = 0, 5 and 10) and Zr 42 Cu 42 Ag 8 Al 8 with high glass-forming ability were investigated. Thermal diffusivity is comparatively low at about 2 © 10 ¹6 m 2 s ¹1 , reflecting the aperiodic crystal structure of the BMG, whereas it becomes higher and depends on the alloy compositions after their crystallization. It is considered that the phonon contribution to the thermal conductivity of the BMG alloys is small, based on a comparison with the estimated value of the electronic contribution to the thermal conductivity from the WiedemannFranz law. The thermopower of the present Zr-based BMG alloys shows a small positive value at the room temperature, showing the general feature of nonmagnetic amorphous alloys.
